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We completely sequenced nine HCV-6 variants from Vietnam. They are grouped into six lineages beyond
the 24 assigned subtypes, 6a-6xa, and 14 unclassiﬁed lineages that have been recently described with
full-length genomes. Co-analysis with reference sequences in the NS5B region identiﬁed additional 22
such lineages, which made the total taxonomic number of HCV-6 increased to 66 that might be
recognized at the subtype level. Because two of these six lineages revealed in this study each had 43
epidemiologically unlinked isolates identiﬁed, we proposed to assign them new subtypes 6xb and 6xc in
following the eXtended format recently recommended in the expanded HCV nomenclature.
& 2014 Elsevier Inc. All rights reserved.
Introduction
The hepatitis C virus (HCV) exhibits a high degree of genetic
diversity and complexity and is classiﬁed into seven genotypes and
67 conﬁrmed and 20 provisional subtypes (Smith et al., 2014).
Globally, there exist differences in the geographic distribution
patterns of HCV genotypes and subtypes. In general, 1a, 1b, 2a, 2b,
and 3a are found worldwide, whereas most of the others are
restricted to certain geographic regions. However, such patterns
are constantly evolving as a result of human migration and global
travels. Typically, the provisional assignment of an HCV genotype
or subtype requires the initial analysis of partial sequences in the
core/E1 and NS5B regions representing three individual isolates.
However, the ﬁnal conﬁrmation of such an assignment depends on
the extensive phylogenetic analysis of at least one full-length
genome or ORF sequence. HCV genomes of different genotypes
vary by 31–33% at the nucleotide level, whereas subtypes differ by
15–25%. Complete genomes are essential not only for accurate
classiﬁcation but also for studies of molecular epidemiology and
viral evolution, and they can be referenced by any sub-genomic
regions. Inspection of the complete genome is always important
for conﬁrming the presence or absence of recombination events
and is required for modifying the HCV preventive and therapeutic
strategies (Simmonds, 2004; Simmonds et al., 2005; Smith et al.,
2014).
Among the seven known genotypes, the HCV-6 exhibits the
highest genetic diversity and complexity and is therefore thought
to represent the oldest HCV lineage (Salemi and Vandamme, 2002;
Wang et al., 2013). Geographically, isolates of HCV-6 are found
exclusively in Southeast Asian countries or among expatriates
from these countries, suggesting their long-term niche circulation
and indigenousness (Bernier et al., 1996; Mellor et al., 1996;
Noppornpanth et al., 2006; Pham et al., 2011; Pybus et al., 2009;
Shinji et al., 2004; Stuyver et al., 1995; Thaikruea et al., 2004;
Theamboonlers et al., 2002). Taxonomically, a total of 24 subtypes,
from 6a to 6xa, have been assigned within HCV-6, and each has
been conﬁrmed with at least one full-length genome or ORF
sequence determined. In addition, 14 unclassiﬁed candidates have
been also completely sequenced plus many novel variants that
were characterized only in partial genomic regions. These latter
candidates and variants all exhibited genetic variation patterns
comparable to new subtypes yet not classiﬁed (Wang et al., 2013;
Smith et al., 2014). For example, in one of our recent studies, we
detected nine such variants among the HCV-infected individuals in
Ho Chi Minh City, the largest population center in Vietnam (Pham
et al., 2011; Li et al., 2014). In the present study, we sequenced the
full-length genomes of these nine variants for an accurate deﬁni-
tion. The revealed new genetic variation patterns not only increase
our knowledge about the particularly high genetic diversity and
complexity of HCV-6 in Vietnam but also provide the basis for
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future studies on the molecular epidemiology and evolution of
HCV in that country.
Results
Genome sequences and organization
Full-length genome sequences were determined for the follow-
ing nine HCV-6 variants: TV443, TV453, TV469, TV520, TV548,
TV566, VN110, VN139, and VN214, each with 18–23 overlapping
fragments. These genomes are 9397–9485 nucleotides (nt) long,
starting from the extreme 50-UTR terminus and extending to the
stop codon of the ORF, corresponding to the nucleotides numbered
1 to 9474-9407 in the H77 genome. Each had a single ORF of 9051–
9069 nt capable of encoding 3016–3022 amino acids, with 10
protein-coding regions of the following sizes: core (573 nt/191 aa),
E1 (576 nt/192 aa), E2 (1092–1110 nt/364–370 aa), P7 (189nt/63
aa), NS2 (651 nt/217 aa), NS3 (1893 nt/631 aa), NS4A (162 nt/54
aa), NS4B (783 nt/261 aa), NS5A (1353–1356 nt/451–452aa) and
NS5B (1776 nt/591 aa). Of these 10 regions, the E2 and NS5A vary
in length among the nine genomes (Supplementary Table 1).
Phylogenetic analysis of the ORF sequences
A maximum likelihood tree was reconstructed based on 97 ORF
sequences (Fig. 1). Starting from the left side of the tree, six
internal branches are denoted 1–6 and a long ending branch is
denoted 7. They correspond to the seven currently assigned
genotypes of HCV, 1–7. Except for genotype 7, which is represented
by a single isolate hitherto identiﬁed, each of the other six
genotypes contains more than one sequence for representation.
Among them, HCV-6 exhibits the most complex structure, with 46
isolates representing 24 assigned subtypes, from 6a to 6xa, and 27
isolates representing 20 unassigned lineages that may be equiva-
lent to new subtypes. When more than one sequence is included
in a single cluster to represent a subtype or analogy, they show a
signiﬁcant bootstrap support of 100%.
At the top of the tree, 10 variants represent seven unclassiﬁed
lineages. Among them, VN139 and VN110 were completely
sequenced in the present study, and they are closely related to
TV257 and TV476, respectively, that were recently determined in
other samples from Vietnam (Wang et al., 2013). Below this group,
there are two other unclassiﬁed lineages: one is located between
subtypes 6m and 6n and the other is located between 6i and 6j.
Showing a simpler structure in the middle of the clade, a subset
contains two unclassiﬁed lineages and four assigned subtypes: 6a,
6b, 6v, and 6xa, most of which are characterized by having longer
branches. In contrast, the lower half of the clade is busy, being
occupied by a large subset that shows a comb-like structure. A
total of 13 assigned subtypes and nine unclassiﬁed lineages are
included in this subset. Among them, ﬁve were characterized in
one of our recent studies with samples from the Hainan Island in
China (An et al., 2014), while four were sequenced in the present
study and they are represented by seven isolates.
Based on this phylogenetic tree, pairwise p-distances were
calculated for the sequences of interest. Among the nine new
genomes, VN139 is most closely related to the referenced TV257,
and VN110 is most closely related to the referenced TV476,
whereas the new genomes VN214 and TV469 are most closely
related to each other, and the same is true for the new genomes
TV443 and TV548. Pairwise comparisons indicate that these four
pairs of genomes show p-distances of 6.7%, 8.4%, 6.6%, and 0.4%,
respectively. These similarities all fall into a range for differentiat-
ing individual isolates of the same subtypes. In the tree, the new
genome TV520 is somewhat distant from the new genomes TV443
and TV548, and they may represent one or two new lineages at
the subtype level. To correctly measure their differences, we
performed pairwise nucleotide comparisons among these three
sequences and we obtained the p-distances of 13.6% and 13.8%. A
similar p-distance of 13.6% was also observed for HKP16 to
compare with HKP25 (An et al., 2014). These distances fall into
the range of 13–15% recently speciﬁed in a paper as a clear division
to differentiate the isolates of the same subtypes from those of
different subtypes (Smith et al., 2014). Although intermediate, we
consider that it is more plausible to group TV520, TV443, and
TV548 as a single lineage, while HKP16 and HKP25 as another
single lineage.
Phylogenetic analysis of the partial NS5B sequences
A partial sequence in the NS5B region, corresponding to the
nucleotide positions of 8288–8610 in the H77 genome, has been
widely used for differentiating various HCV genotypes and subtypes
(Murphy et al., 2007). To better understand the genetic complexity
of HCV-6, a total of 77 sequences were analyzed in this region. The
resulting phylogenetic tree only showed the 24 assigned subtypes
and 20 unclassiﬁed lineages that were described above based on
full-length genomes, but the tree also revealed additional 22
unclassiﬁed lineages that were represented each by a single branch
in red (Fig. 2). Although the tree may be drawn with equal validity
in many other versions using different algorithms of nucleotide
substitution, the p-distances among these sequences are our inter-
est in Fig. 2 that is depicted in an UPGMA (unweighted pair group
method with arithmetic mean) format for an easier inspection.
From the top of the tree, four red branches represent four
unclassiﬁed lineages, whereas between subtypes 6f and 6o two
other red branches lead to two additional unclassiﬁed lineages.
Below subtype 6o, a long red branch diverge; while around
subtype 6q three red branches are dispersed. TV453, TV469, and
VN214 were completely sequenced in this study, and in the tree
they join into a large subset containing ﬁve green and ﬁve red
branches. Subtypes 6a and 6b used to be twins with no other
siblings. However, they are now grouped by ﬁve red branches and
as a whole, they are positioned under a long red branch leading to
the EU420979 sequence. At the lower part of the tree, a subset
contains multiple green branches, within which a single red one is
contained. In combination with those above-analyzed based on
the ORF sequences, a total of 42 unclassiﬁed lineages are presented
and each may qualify for a new subtype, because they show p-
distances from their nearest relatives above the lower limit of 13–
15% range (Smith et al., 2014).
Discussion
Possibly because its sampling has been made more intensely in
Asia, HCV-6 has shown a very high degree of genetic diversity and
taxonomic complexity among the currently identiﬁed seven gen-
otypes, within which 24 assigned subtypes and an increasing
number of unclassiﬁed lineages have been conﬁrmed each with
at least one full-length genome characterized (Smith et al., 2014).
In this study, this high degree of genetic diversity and complexity
was further expended with additional nine novel variants, TV443,
TV453, TV469, TV520, TV548, TV566, VN110, VN139, and VN214
that were completely sequenced. These variants were all identiﬁed
in samples from the HCV-infected individuals in Ho Chi Minh City,
the economic capital and the largest population center in Vietnam,
where the prevalence of HCV had been recently well investigated
(Pham et al., 2011; Li et al., 2014). Therefore, the new variants we
here detected may reﬂect the niche infections in the city or that
spread from the other parts of the country. This identiﬁcation
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suggests the existence of many more such variants than we have
known. Vietnam is commonly thought to be a major region of origin
for HCV-6. This explains why novel HCV-6 variants are continuously
being identiﬁed in this country (Tokita et al., 1994, 1998;
Noppornpanth et al., 2006, 2008; Koletzki et al., 2010) or among
the expatriates from this country (Murphy et al., 2007; Nguyen et
al., 2010), including those identiﬁed in the present study.
The analysis of ORF sequences revealed the existence of 20
unclassiﬁed lineages that exhibit the genetic variations equivalent
to new subtypes, although many only had 1–2 isolates identiﬁed. A
subsequent analysis with partial NS5B sequences available from
GenBank further indicates the existence of additional 22 such
lineages that show a comparable degree of genetic differences
from those above mentioned. Collectively, 42 unclassiﬁed lineages
of HCV-6 were indicated. With the inclusion of 24 conﬁrmed
subtypes, 6a–6xa, the total number of the taxonomic members of
HCV-6 may reach 66 at the subtype level. Although many of them
have not been validated with ORF sequences or lacked the basic
three isolates identiﬁed, these members present the very high
heterogeneity of HCV-6. Signiﬁcantly, the majority were identiﬁed
or showed origins in Vietnam or in the neighboring countries of
Laos, Cambodia, Thailand, Myanmar, and China (Bernier et al.,
1996; Lu et al., 2007; Mellor et al., 1996; Noppornpanth et al.,
2006; Pham et al., 2011; Pybus et al., 2009; Shinji et al., 2004;
Stuyver et al., 1995; Thaikruea et al., 2004; Theamboonlers et al.,
2002; Wang et al., 2013), whereas only a few were from other
regions (Tokita et al., 1994, 1998).
The current HCV classiﬁcation and nomenclature system, which
was updated in 2005 and recently expanded, provides detailed
guidelines for deﬁning a new HCV subtype. At the minimum, it
requires the detection of three epidemiologically unlinked isolates,
and the three isolates should be independently grouped into
phylogenetic clusters different from the known subtypes by at least
15% of nucleotides (Smith et al., 2014). In this study, the nine new
genomes were grouped into six unclassiﬁed lineages. Because the
comparisons with their nearest relatives over the ORF length
showed the nucleotide differences being above 15%, each of these
six lineages might be recognized as a new HCV subtype candidate
(Smith et al., 2014). Further analysis with the partial NS5B
sequences available from GenBank indicated that two of these
lineages each had Z3 closely related but independent isolates
being identiﬁed: one was represented by TV476, VN110, QC226, and
QC327, and the other represented by TV443, TV520, TV548, QC191,
and QC543. These two lineages therefore meet the criteria for
Fig. 1. The ML tree based on 97 ORF sequences. The nine new genomes identiﬁed in this study (purple circles) are co-analyzed with 77 reference sequences from genotype
6 and 11 reference sequences from the other six genotypes. Close to the left side of the tree, genotype is denoted with a single-digit number above the related branch. In the
central left part of the tree, the 24 subtypes of genotype 6 are each indicated with the single digit of 6 followed by a lowercase letter. For easier distinction, the 20 unclassiﬁed
HCV-6 lineages are represented by red branches and temporarily numbered from un1 to un20 in green type. Isolates are named using the following format: genotype or
subtype.sampling country.isolate name.GenBank accession number. The country codes are based on ISO 3166-1 alpha-2 code (〈http://en.wikipedia.org/wiki/ISO_3166-1_
alpha-2〉). Bootstrap supports 470% are shown in italics at internal nodes, and the scale bar represents 0.10 nucleotide substitutions per site.
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Fig. 2. The UPGMA tree based on 77 partial NS5B sequences of HCV-6, corresponding to nucleotide positions 8316–8620 in the referenced H77 genome. For easier distinction, black
branches represent the 24 assigned subtypes (6a-6xa), green branches represent the 20 unclassiﬁed lineages (un1–un20) that are conﬁrmed with ORF sequences in Fig. 1, while red
branches represent additional 22 unclassiﬁed lineages that are identiﬁed only based on partial NS5B sequences. Accordingly, the formal subtype assignments or temporary numbering
or unclassiﬁed lineages are noted at the right-hand side of the tree, with their total number of taxa being 66. Pink circles and tip labeling are the same as in Fig. 1. Bootstrap supports
470% are shown in italics at internal nodes, and the scaled ruler at the bottom measures the p-distances. Two vertical dash lines indicate a gap for p-distances at the range of 13–15%
in both directions from and to the right end, which has been speciﬁed in a recent paper (Smith et al., 2014) for differentiating isolates of the same subtypes from those of different
subtypes. The two new subtypes, 6xb and 6xc, are also denoted. In addition, one lineage is marked with (New subtype?), which indicates that this lineage has one isolate completely
and two isolates partially sequenced. However, the latter two lacked their sequences determined in the Core or E1 region.
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assigning new subtypes. It has been recently proposed in the
extended guidelines that HCV subtypes should be assigned up to
the letter “w”, while the subsequent designations should follow the
eXtended form, such as xa, xb, …. xz. This is to avoid potentially
ambiguous terms such as “subtype 6x”, which may be interpreted
as “genotype 6 of unknown subtype”, or “subtype 6aa”, which may
suggest a relationship with 6a (Smith et al., 2014). According to
these premise, we propose to assign TV476, VN110, QC226, and
QC327 as subtype 6xb, and TV443, TV520, TV548, QC191, QC543 as
subtype 6xc. Apart from these two, another unclassiﬁed lineage also
contains three epidemiologically unlinked isolates: TV453 that was
completely sequenced in this study, and both GU049368, and
GU049389 that were retrieved from GenBank (Fig. 2). These three
may also qualify for conﬁrming a new subtype. However, because
the latter two isolates lack their sequences determined in the Core
or E1 region, this lineage does not fully meet the criteria for such a
classiﬁcation. We therefore remain it and other three lineages as
being unclassiﬁed, although each had 1–2 full-length genomes
sequenced in this study.
Materials and methods
Subjects and specimens
Recently, we characterized the partial Core-E1 and NS5B
sequences of HCV from many HCV-infected individuals who lived
in Ho Chi Minh City, Vietnam (Pham et al., 2011; Li et al., 2014).
From these individuals, novel HCV variants with considerable
genetic differences were identiﬁed: TV443, TV453, TV469,
TV520, TV548, TV566, VN110, VN139, and VN214. With the former
six sampled in 2003 and the latter three in 2007, these variants
showed genetic differences that may qualify as new subtypes. To
better deﬁne their patterns of genetic variation, we selected these
variants for full-length genome sequencing. For this purpose, all of
the study subjects provided written informed consent. The ethical
review committees of the University of Medicine and Pharmacy,
Cho Ray Hospital, the Hospital for Tropical Diseases, Vietnam, the
University of Kansas Medical Center, USA, and the National
Institute of Infectious Diseases, Japan approved this study.
PCR ampliﬁcation and sequencing
From each serum sample of approximately 100 ml, RNA was
extracted using the QIAamp Viral RNA Mini Kit (QIAGEN Science,
Maryland, USA) following the manufacturer's protocol. The cDNA
was synthesized using the RevertAid First Strand cDNA Synthesis
Kit (Fermentas Life Science, EU) under slightly modiﬁed conditions,
in which the RNA pellet was dissolved in a random primer solution
and incubated at 95 1C for 5 min before the other components were
added. The resulting cDNA was then used as a template to amplify
the target sequences in conventional nested or semi-nested PCRs.
Except for that above-described, all other procedures and reagents,
including the degenerate primers, the overlapping PCR strategies,
the BigDye DNA sequencing approaches, and the full-length gen-
ome assembling were the same as those we have previously
reported (Lu et al., 2007).
Phylogenetic analyses and pairwise comparison
The obtained nine genomes were annotated according to the
standard nucleotide numbering scheme of the H77 isolate, from
the extreme 50-end to the stop codon of the ORF (Kuiken et al.,
2006). For phylogenetic analysis, 77 ORF sequences of HCV-6 were
retrieved from GenBank. They represent 24 assigned subtypes
from 6a to 6xa and 10 unclassiﬁed variants (Smith et al., 2014).
With inclusion of six other sequences from one of our recent
studies (An et al., 2014), the nine new genomes determined in this
study, and additional 11 sequences representing the other six
genotypes of HCV, a total of 97 full-length ORF sequences were
assembled.
To further explore the taxonomic complexity of HCV-6, a partial
NS5B sequence dataset was assembled, in which each of the
assigned subtypes was represented by a single isolate according
to the recommendations in a recent paper (Smith et al., 2014). The
unclassiﬁed HCV-6 lineages were also represented each by one
isolate except for a few that might qualify for new subtypes. For
the latter, all the available sequences were included and co-
analyzed (Kuiken et al., 2005). This enabled the assembly of 77
sequences, each having 328 nucleotides, corresponding to the
nucleotides numbered 8283–8610 in the H77 genome.
After assembly, the two datasets were aligned using the BioEdit
software (Tippmann, 2004), followed by manual adjustment. To
exclude recent virus recombination events, the RDP3 software
(Martin et al., 2010) was run for the ORF dataset with settings as
previously described (Lu et al., 2007).
Based on the ORF sequence datasets, a maximum-likelihood
phylogenetic tree was estimated using the PhyML software under
the GTRþ IþG4 nucleotide substitution model. The transition/
transversion rate ratio, the proportion of invariable sites, and the
gamma distribution shape parameter were all estimated directly
from the actual dataset (Guindon and Gascuel, 2003). Base
frequencies were adjusted to maximize the likelihood. Bootstrap
analyses were performed in 500 replicates. Pairwise nucleotide
similarities were calculated based on the p distances using the
MEGA 6.0 software (Tamura et al., 2013).
The NS5B dataset was estimated using the MEGA 6.0 software
for constructing a UPGMA (unweighted pair group method with
arithmetic mean) tree, in which all branches were measured in p-
distances.
GenBank accession numbers.
The nucleotide sequences reported in this study were depos-
ited in GenBank with accession numbers: KJ567644–KJ567652.
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